Preliminary results from a NICMOS coronagraphic survey of nearby white dwarfs for substellar companions are presented. We review the current limits on planetary companions for the hydrogen white dwarf G29-38, the only nearby white dwarf with an infrared excess due to a dust disk. We add our recent observations to these limits to produce extremely tight constraints on the types of possible companions that could be present. A candidate planetary object was detected at a projected separation of approximately 70 AU. We determine that it is a background object with second epoch observations taken with the NIRI instrument on the Gemini North Telescope. No objects > 6 M Jup are detected in our data at projected separations > 12 AU, and no objects > 16 M Jup are detected for separations from 3 to 12 AU, assuming a total system age of 1 Gyr. Limits for companions at separations < 3 AU come from a combination of 2MASS photometry and previous studies of G29-38's pulsations. Our imaging with Gemini contradicts a tentative claim for the presence of a low mass brown dwarf due to studies of G29-38's pulsations. These observations demonstrate that a careful combination of several techniques can very sensitively test nearby white dwarfs for planetary systems.
INTRODUCTION
G29-38 (ZZ Psc, WD 2326+049, GJ 895.2) is a nearby (d=13.6 pc) pulsating hydrogen white dwarf (WD) with photospheric absorption lines due to metals such as Mg and Ca (van Altena et al. 2001; Kleinman 1998; Koester et al. 1997) , also known as a DAZ type white dwarf (WD). G29-38 has a measured gravity log g= 8.15 and a T ef f =11820 K, placing its cooling age at 0.6 Gyr (Liebert et al. 2004 ).
G29-38 posseses an infrared excess, originally attributed to a companion substellar object (Zuckerman & Becklin 1987) . However, further infrared studies including pulsational studies in the near-IR are more consistent with a circumstellar disk at 1 R ⊙ , with a blackbody temperature of ∼1000 K (Tokunaga et al. 1988 (Tokunaga et al. , 1990 Telesco et al. 1990; Graham et al. 1990 ). The origin of the disk is unclear, though it could be caused by a tidally disrupted asteroid or comet, potentially sent to the inner system by a formerly unstable planetary system (Debes & Sigurdsson 2002; Jura 2003) . One unusual property of the disk is its luminosity which implies a flared or warped disk that intercepts a larger than expected amount of stellar flux (Patterson et al. 1991; Zuckerman 1993) .
The strange geometry of the disk may be caused by a companion. Long term pulsational studies of G29-38 have allowed several of the more stable pulsation modes to be monitored for timing delays due to an unseen companion (Kleinman et al. 1994; Kleinman 1998) . No conclusive detections of a companion have been reported. Speckle imaging of G29-38 furthermore could not detect any unresolved companions, although IR slit scans of G29-38 appeared to show an extension in the N-S direction on scales of 0.4 ′′ (Kuchner et al. 1998; Haas & Leinert 1990) . Several questions remain unsolved, including the origin of the metal lines present in G29-38's atmosphere, the origin of the circumstellar disk, the unusual brightness of its disk, and the presence of hidden companions that may be substellar.
Planets in inner regions most likely will be engulfed by the AGB phase of the star, with larger planets possibly "recycled" into brown dwarf companions (Siess & Livio 1999a,b) . Remnant asteroids and comets potentially could survive in limited conditions at distances where they would not be ablated from the AGB phase (Stern et al. 1990 ). However, if the primary star has asymmetric mass loss, smaller objects can easily be lost from the system (Parriott & Alcock 1998) . Planets or brown dwarfs in orbits > ∼ 5 AU will avoid engulfment and survive post main sequence evolution (Rasio et al. 1996; Duncan & Lissauer 1998) . Massive white dwarfs may also contain planets that are formed from WD-WD mergers, allowing unseen companions in close orbits (Livio et al. 1992) .
WDs also make excellent targets for extrasolar planet searches with current ground and space based techniques (Burleigh et al. 2002; Debes et al. 2005) . WDs are orders of magnitude dimmer than their main sequence progenitors, which allow fainter ccompanions to be detected. In the near-IR, faint companions are emitting thermal radiation rather than reflecting light from their hosts.
Companions that form at a particular semimajor axis conserve angular momentum during post main sequence mass loss and widen their orbits by a factor ∝ m i /m f where m i and m f are the initial and final masses of the central star (Jeans 1924) . Imaging Searches are most effective for WDs that have a total age of ∼1-5 Gyr. In this range massive planets and brown dwarfs are observable since they haven't cooled too much, and the WD has had sufficient time to become dim. WDs with metal lines can be markers for planetary systems and the presence of a dust disk and a high abundance of accreted metals makes G29-38 a primary candidate for the presence of a substellar or planetary companion (Debes & Sigurdsson 2002) .
These motivations are the basis for a survey of nearby young DAZs that we have conducted using the Hubble Space Telescope (HST). We have primarily used the coronagraph on the NIC2 detector which is part of NICMOS. With the high contrast, resolution, and sensistivity of NICMOS, we can probe to within 3 AU of G29-38 looking for substellar companions that could perhaps help to explain the presence of this peculiar DAZ's dust disk. In section 2 we describe the observations we took of G29-38, in section 3 we quantitatively measure the realistic limits of sensitivity for our observations as well as present second epoch information for a candidate companion using the Gemini North Telescope. These results are then combined with pulsational timing studies and 2MASS photometry which strictly limit the presence of any companion at small separations to provide the most comprehensive search for substellar companions around a WD to date, providing a roadmap for the direct detection of planetary companions to WDs in the future. In section 4 we present the conclusions from our work.
OBSERVATIONS

Observational Strategy
To fully utilize both the contrast and spatial resolution of HST, we directly imaged G29-38 with NICMOS in addition to taking deep exposures with the coronagraph. The highest degree of contrast is gained by performing a combination of coronagraphy and point spread function (PSF) subtraction (Fraquelli et al. 2004) .
The coronagraph on NICMOS suppresses the PSF of the star by more than an order of magnitude, but a residual coronagraphic PSF remains that still limits contrast. PSF subtraction is then used to suppress the remaining light. Due to the large time it takes the telescope to slew from one target to another it is unfeasible to have a second PSF reference star; rather it is necessary to use the current target as the PSF reference. To use the same target without subtracting away the science, a spacecraft roll is performed in the middle of the orbit. Images at one roll angle can be subtracted from the other and can later be rotationally registered to gain signal to noise. Figure  1 demonstrates the result of a typical subtraction, where the coronagraphic PSF is suppressed by a factor of 20-50. Any putative point sources in the field will possess a distinctive pair of positive and negative conjugate images that are separated by the differential roll angle. Any point source that is detected must then fulfill several criteria. A detected object must have both a positive and negative conjugate image, and both images must have the same flux.
The differential roll angle between images limits the angular separation at which one can detect a point source, requiring at least a two pixel separation between the centroids of the positive and negative conjugates to avoid the self subtraction of any point source companions. This requirement is tempered by the need to spend most of the HST orbit observing the target and not rolling the spacecraft. For our observations we concentrated on integration time and chose a roll angle of 10
• , leading to an inner radius limit to extreme high contrast imaging with self subtraction of 0.86 ′′ , or 12 AU at the distance of G29-38.
Due to the detection of a candidate planetary companion, follow-up observations were taken approximately a year later with the Gemini North telescope Director's Discretionary time, with an initial observation of ∼40 minutes to derive relative astrometric information on the candidate in order to determine whether it had common proper motion with G 29-38.
The AO system on Gemini North, Altair, can successfully guide on stars with R∼13, such as G29-38. By concentrating a diffraction limited fraction of the total flux of a dim object, the background can be overcome for extremely faint near infrared point sources. In addition, under decent observing conditions, the full width at half-maximum (FWHM) of the core on Altair images is ∼60-90 mas, providing the possibility to resolve structures better than HST (Hutchings et al. 2004) .
The Gemini observations were taken on August 5, 2004. A total of 4 × 15s frames were co-added at 10 dither points to subtract the background and remove pixel to pixel defects, for an effective integration on source of forty minutes. Our total integration returned an average FWHM of 75 mas, significantly smaller than the diffraction limit of our F110W images with HST. Table 1 shows the date and time of the observations taken of G29-38 along with the filters. The F110W, F160W, and F205W filters were used for short observations, and the F110W and F160W filters were used for the coronagraphic observations. Our strategy was to utilize the observations in three steps: coronagraph plus self subtraction for well separated very faint companions, coronagraph alone for objects between 0.5 ′′ and 0.86 ′′ , detected by minor motion consistent with the roll angle, and finally any direct imaging with our short exposures < 0.5 ′′ . Given the high resolution and sensitivity of the Gemini observations, we used that data between 0.2 and 1 ′′ to look for any companions.
2.2. Data Reduction Pipeline reduced coronagraphic data was obtained from STScI, and the basic procedure outlined by (Fraquelli et al. 2004 ) was used to optimize the results for coronagraphic self-subtraction. Images from each roll angle were pedestal subtracted, registered, and combined into files we designate as ROLL1ZZ and ROLL2. Two subtraction images were produced, ROLL1 -ROLL2 and vice versa. These two subtraction images were rotationally registered and combined further to create a final summed image similar to what is seen in Figure 2 .
The second epoch Gemini data was processed using several IRAF tasks designed by the Gemini Observatory and based upon the samples given to observers. Each frame was flatfielded and sky subtracted. In addition, due to the on sky rotation from the Cassegrain Rotator being fixed, each frame was rotationally registered and combined. In our initial HST observations we discovered a promising candidate planetary companion. Figure 3 shows the discovery and resulting follow up images of the candidate. The point source is very faint, and was initially detected by eye by blinking F110W ROLL1 and ROLL2 images. In the HST images, the candidate is at an R and PA of 5.31±0.16
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′′ and 67.39±0.9
• Several criteria for the point source to be a true detection and not a stray cosmic ray had to be met. These criteria included a marginal to significant detection at each roll angle and in each filter, similar flux within 1 σ at each roll angle, and a significant detection in both the final images for each filter and the final summed image of both filters. In addition, the detections at each roll angle had to be separated by a distance consistent with the differential roll angle. In order to determine the significance we chose a 3 pixel radius circular aperture centered on the brightest pixel of the source in each image and summed the total counts in the aperture. To determine the sky level and the variation in the sky, an outer annulus with a radius of 10 pixels was chosen to surround the central aperture. Table 2 shows the significance of these detections in each of the mentioned frames. The F110W filters are the most marginal detections, at 2.5 σ, with the F160W detection much more certain at 3-4 σ for each frame. Detections in both total summed frames are signifcant at ∼5 sigma.
The detected point source can only be considered a candidate planetary object if its F110W-F160W color is consistent with a planet and the probability of the random placement of a background point source is sufficiently low. Definitive confirmation of its association with G29-38 can be achieved with a test of common proper motion. We compared the object's magnitude and color with 1 and 3 Gyr isochrones. The F110W-F160W colors, within the photometric errors, are consistent with a 5-10 M Jup object depending on G29-38's age. This color is not unique, as can be seen by a CMD of sources from the NICMOS ultra deep field parallels, which commonly have F110W-F160W colors of ∼1. Figure 3 shows the final image of G29-38 and the detection of the candidate at the second epoch. It also shows the predicted positions of the candidate if it were an a) non co-moving background object and b) a co-moving, physically associated planet.
Our predicted positions were calculated by taking the measured radius and pointing angle of the candidate in the HST epoch and taking into account the proper motion of G29-38 over the time period between the two ob- servations. Error analysis for our predicted values were based on errors in centering, generated by the IRAF task PHOT and the reported errors for G29-38's proper motion. Based on the measured proper motion of G29-38 of -411±0.01 mas/yr in RA and -263±.01 mas/yr in Declination (Pauli et al. 2003) , we predicted a change of -367 mas and -235 mas, leading to ∆α=5.27 ′′ ±0.15 and ∆δ=2.27±0.10 for the non co-moving case. The position of the candidate differs by 18 mas in RA and 40 mas in Dec from the predicted non co-moving case. As can clearly be seen, the candidate is a background object that does not share G29-38's proper motion. The errors in the calculation come primarily from the uncertainty in G29-38's proper motion and uncertainties in the center measured. However, the position is well within the errors and shows no hint of its own proper motion.
The H band magnitude derived from its differential magnitude with G29-38 gives an H=22.6 ±0.2, consistent with the F160W magnitude derived from the earlier observation.
Since it is a background object it is useful to speculate what it might be. It is either a halo M dwarf, the nucleus of an Extremely Red Object (ERO) at moderate redshift, or a very high redshift quasar. If it is an M dwarf, comparison of its colors with current low mass stellar models show they are most consistent with a metal rich halo star with a mass of ∼0.3 M ⊙ at a distance of ∼8 kpc, although a similar mass metal poor star, which would be a more plausible resident of the halo, is still just within our color errors Baraffe et al. (1997 Baraffe et al. ( , 1998 . The HST colors this object has makes it consistent with an ERO at a redshift of 2.5-3, although our object remains unresolved and would be ∼ 900 pc wide at those redshifts, assuming the WMAP parameters (Spergel et al. 2003) . Most EROs found to date are resolved (e.g, Corbin et al. 2000) , and so this object would represent an unusual find. The flux densities measured for the candidate when K corrected to high redshift (i.e. z ∼ 7, 1.6µm becomes 2000Å) one finds luminosity densities of ∼10 23 watts Hz −1 , consistent with typical quasar luminosities. Schneider & Silverstone (2003) showed a reliable way to determine sensitivity of an observation with NICMOS, given the stability of the instrument. Artificial "companions" are generated with the HST PSF simulation software TINYTIM 3 . These companions are inserted into the observations and used to gauge sensitivity. We adopted this strategy for our data as well, considering an implant recovered if its flux in a given aperture was at a S/N of 5. Sample implants were looked at by eye to verify that an observer could easily distinguish the implant. The faintest structures can be detected at S/N levels less than 5 due to the roll angle change. Blinking two roll images often can bring fainter structures out. The implants were normalized so that their total flux was equal to 1 DN/s, which can then be converted to a flux in Jy or a Vega magnitude by multiplying by the correct photometry constants given by the NICMOS Data Handbook.
Limits from Imaging
An implant was placed in our ROLL1 images and then identical implants were inserted 10 degrees offset in our ROLL2 images. Two difference images were created and then rotated and combined for maximum signal to noise. Figure 4 shows the final product of the above process. In this figure an implant with m F 160W =22.2 has been implanted, offset, and then roll combined, creating the distinctive positive PSF surrounded by two negative PSFs separated on each side by 10 degrees.
For our Gemini data we used the PSF of G29-38 as a reference for the implant. The implant was normalized to a peak pixel value of one. Scaled versions of the implants were then used to determine sensitivity. The relative flux of the companion with respect to the host star was measured and a corresponding MKO H magnitude was derived from the 2MASS H magnitude to give a final apparent magnitude sensitivity.
Our resulting sensitivity plot in Figure 6 shows the apparent limiting magnitudes in our search from 0.2 ′′ to 5 ′′ . These results represent the deepest and highest contrast images taken around a white dwarf and also represent the most sensitive direct imaging search for substellar companions in orbit around a star to date. Beyond 1 ′′ our sensitivity was limited not by the contrast of HST but by the limited exposure time.
It is useful to convert the sensitivity in the observed magnitudes or fluxes into a corresponding companion mass. This is a more complex proposition with substellar companions for a variety of reasons. Since most substellar companions do not have long term energy sources, the luminosity of a brown dwarf or planet that is not significantly insolated is dependent both on mass and age. In the present situation we can estimate the age of the system based on the properties of the host star. For our current sensitivity calculation we chose the most recent models published by Burrows et al. (2003) and Baraffe et al. (2003) , though as these models change and are refined, our limits will change as well.
Most calculations are for ground based J,H,K filters. These filters were originally designed to avoid atmospheric windows of high near-IR absorption which is irrelevant for HST filter design. The wideband NICMOS filters vaguely resemble their groundbased counterparts, but possess significant differences in the case of objects that have deep molecular absorption. To adequately understand what type of companions one is sensitive to, it is necessary to take flux calculations from the models and convolve them with the waveband of interest to get a predicted absolute magnitude for the HST filters:
where A λ is the transmission function of the filter, F λ is the flux of the putative companion, and Z vega is the Vega magnitude zeropoint as described by the NICMOS Data Handbook. Figure 5 shows a sample M F 110W vs.F110W-F160W plot for substellar objects as a function of their mass that have ages of 1 Gyr and 3 Gyr (Burrows et al. 2003) . A comparison with Burrows et al. (2003) 's plots show that the predicted J and F110W magnitudes differ by -Isochrones of substellar objects with a total age of between 1 and 3 Gyr in NICMOS filters. We used the spectral models of Burrows et al. (2003) and convolved them with the NICMOS filters.
slight amounts. It should also be noted that these predicted fluxes are based upon a completely isolated object that is not experiencing any insolation from its host star. Companions around WDs would have been insolated by their parent star for the main sequence lifetime, however, insolation calculations show that this would be insignificant for well separated companions (Burrows et al. 2004 ). The largest insolation would occur during the red giant branch (RGB) and asymptotic giant branch phases (AGB) of post main sequence evolution; however a quick calculation of the equilibrium temperature shows the temperature at 5 AU during these phases would be less than the temperature experienced by HD 209458b.
To get a final prediction of the types of companions we are sensitive to requires a fairly accurate estimate of the WDs total age. This is the sum of its cooling age and its main sequence lifetime. Estimates of the main sequence lifetime can be taken from the initial to final mass ratio relationship between WDs and their progenitor stars (Weidemann 2000) . Cooling times can be derived by modeling. Liebert et al. (2004) gives G29-38's mass and cooling age as 0.7 M ⊙ and 0.6 Gyr. Using a theoretical version of the initial-to-final mass function, M i = 10.4 ln M W D /0.49 M ⊙ M ⊙ one derives an initial mass of 3.7 M ⊙ (Burleigh et al. 2002) . The main sequence (MS) lifetime can be estimated by 10(M/ M ⊙ ) −2.5 Gyr, which gives an MS lifetime of 0.4 Gyr and thus a total age of 1 Gyr. There is some dispute as to the precise mass of G29-38 from pulsational studies, which predict a mass of 0.6 M ⊙ , leading to an age closer to 2-3 Gyr, assuming that the cooling time remains the same or is a bit longer (Kleinman 1998 ). We will place our limits in terms of 1 and 3 Gyr, thus spanning the possible uncertainty in G29-38's age . However, it is also possible that younger planets may be present, such as from a recent collision between two planets (Debes & Sigurdsson 2002) or from a companion formed in an AGB outflow (Livio et al. 1992 ).
Limits from 2MASS Photometry
While direct imaging is most sensitive to companions >0.2 ′′ unresolved companions could still be present for G29-38, and in order to rule out companions at separations where imaging or PSF subtraction could not re- Fig. 6 .-The final azimuthally averaged 5 σ sensitivity curve of our HST and Gemini images. At separations < 1 ′′ , The Gemini PSF still had siginificant flux. To ensure that our sensitivity reflected actual detectability, we used a 10σ limit in the inner regions.
solve them, we turn to the near-infrared flux of G29-38 following a time honored tradition of looking for low mass companions to white dwarfs through near-IR excesses (Probst & Oconnell 1982; Zuckerman & Becklin 1992; Green et al. 2000) . G29-38 presents a problem due to its already well known dust disk, which causes a measurable excess starting at about 1.6µm. However, no large excess is predicted for the J band, which we will use to limit the presence of unresolved substellar companions. For our search we use the Near-IR photometry of the 2MASS catalogue which has been used in the past to search for flux excesses (Wachter et al. 2003) . Using the measured effective temperatures, gravities, and distances of a WD, we can model the expected J magnitude (J th assuming blackbody emission. This is a safe assumption since the WD photospheres are primarily featureless and consist of few deviations from the Rayleigh-Jeans tail at longer wavelengths. Then, one determines the excess of the observed minus expected J magnitude, ∆J=J 2MASS -J th . An excess of flux in the J band under this notation gives a positive excess. At the accuracy of 2MASS, one can place limits on the type of companions present in close orbit around G 29-38.
First we must test the accuracy of this technique on a sample of WDs with known physical parameters and see what an accurate estimate of a 3σ excess would be. We would expect the sample to have a median ∆J∼ 0 and that the standard deviation of ∆J give us a good estimate of the 1σ error in our analysis. As a demonstration we take the sample of Liebert et al. (2004) which includes G29-38 in a study of DA WDs from the PG survey of UV excess sources. Of the 374 white dwarfs we chose the brightest 72 of the sample that had a J < 15, had unambiguous sources in 2MASS, and had reliable photometry, i.e those objects that had quality flags of A or B in the 2MASS point source catalogue for their J magnitudes.
If there are a significant number of excesses to these stars then we will be overestimating the error, but as we cannot a priori separate this effect without foreknowledge, we must assume this. However, we neglected any object with an excess > 3 σ and recalculated the scatter in observed minus expected magnitudes. In the 2MASS data, G 29-38's Ks excess due to its dust disk is clearly present.
After determining the standard deviation of the sample, we find that 1σ errors for the sample in the J band were 0.09 mag, leading to a significant detection of 0.3 mag excesses for the PG sample.
Several objects in our sample showed significant J excesses beyond 3σ, shown in Table 3 . Of the six targets five are previously known, and one, PG 1335+369 is new based on a search of the existing literature. Care was taken to ensure that the new object in the 2MASS fields had accurate astrometry and that its optical photometry was consistent both with that reported in Liebert et al. (2004) and with the distance assumed in the modeling. In general we found that the distances found through modeling were 11% higher on average than actually measured through parallax measurements where available. This was the case for G29-38 as well, which has a measured parallax of 73.5 mas corresponding to a distance of 13.6 pc (van Altena et al. 2001) , and the reported distance in Liebert et al. (2004) is 15 pc. In our comparison with 2MASS photometry, we multiplied all reported distances in the PG sample by 90%, which gave us median values for ∆J consistent with zero. The one new object has an excess consistent with an ∼M5 dwarf, when comparing absolute 2MASS J magnitudes of nearby M dwarfs (Henry et al. 1994) .
Our resulting 3σ limit for G29-38 is then ∆J=0.3, which corresponds to an unresolved source with M J =13.7. The corresponding mass at 1 and 3 Gyr is 44 M Jup and 69 M Jup respectively, interpolating from the models of (Baraffe et al. 2003) 3.4. Limits from Pulsational Studies G29-38 has often had claims of the presence of possible companions. Its infrared excess was originally attributed to a brown dwarf companion, while radial velocity and pulsational timing hinted at the presence of either a low mass stellar companion or a massive black hole, all of which were shown to be spurious by more careful, longterm pulsational timing (Kleinman et al. 1994) .
Pulsational timing is done in a similar fashion to pulsar timing, in that phase changes of the observed minus calculated (O-C) pulse arrival times can be used to calculate a keplerian orbit to a perturbing body. For pulsating white dwarfs the technique requires the identification of a stable pulsational mode and measuring its arrival time very precisely. Measuring higher derivatives of the period change can also help to further constrain the keplerian parameters of a companion orbit before it has completed a full revolution. This technique for pulsars has been remarkably effective at finding "oddball" planets, such as the first terrestrial planets ever discovered, and a Jovian mass planet in the metal poor M4 cluster (Wolszczan & Frail 1992; Sigurdsson et al. 2003) .
Long baseline studies of pulsating white dwarfs can produce very stringent limits to the types of companions orbiting them, down to sub-Jovian masses. However, they are limited by the timescale of observations, probing the inner most separations. In this sense pulsational timing is extremely complementary to direct imaging searches, the combination of the two providing a comprehensive and sensitive method for searching for extrasolar planets. References.
-(1) Zuckerman & Becklin (1992) (2) Allard et al. (1994) (3) Green et al. (2000) a Zuckerman & Becklin (1992) did not estimate spectral type, estimates taken from 2MASS magnitudes of nearby M dwarfs listed in Henry et al. (1994) Kleinman et al. (1994) demonstrated that for G29-38, perturbations on the order of 10s or greater could have been detected around the white dwarf. In fact, a trend was discovered in their data that had an amplitude of 56s and a possible period of 8 years. This was a tentative detection given the possiblity of the mode that they used being unstable or slowly varying, however, one can estimate based on G29-38's parameters how massive such a companion would be and what its semimajor axis would be. The minimum mass derived was 21 M Jup with a semi-major axis of 3.4 AU assuming G29-38 has a mass of 0.6 M ⊙ . Assuming a higher mass does not significantly change these values.
If this trend is not due to a companion, the pulsational studies had an estimated noise of ∼10s. Using this limit, one can calculate the limits to detecting other types of companions at different orbital separations sampled by these observations. Figure 7 shows the combination of the pulsational timing limits based on the 10s noise limit and our observational data. Overplotted is the separation and mass of the possible companion detected in the pulsational timing. Our observations discount the possibility of the tentative companion, if G29-38 is closer to a total age of 1 Gyr. If it is older, we can constrain the inclination of this companion's orbit to be > 60
• from face on based on our detection limit of 30 M Jup if G29-38 is closer to 3 Gyr. Inspection of the limits shows that any companion > 12 M Jup is ruled out for separations between ∼1 AU and 3 AU and > 5 AU if G 29-38 is closer to 1 Gyr. All but planetary mass objects are ruled out for a good portion of the discovery space around this white dwarf. Further observations, such as sensitive radial velocity variations would provide a stronger limit to close in companions than what is possible with 2MASS.
CONCLUSIONS
We have shown that a combination approach to individual nearby white dwarfs can effectively probe them for planetary mass objects with a variety of current day techniques. Through this technique we can probe planetary orbits not accessible by other methods. Any planet discovered could become an important spectroscopic target for follow-up. The information gleaned from a large scale version of this study will no doubt provide key information on planet formation and evolution in interme- Fig. 7 .-Combined limits to substellar objects around G29-38 from a combination of 2MASS photometry, pulsation studies, and our high contrast imaging. The solid and dashed lines show the limits to the age of G29-38 and the triangle shows the expected minimum mass of a companion tentatively discovered by pulsational studies.
diate mass stars as well as providing a possible explanation for the origin of white dwarfs with metal absorption (Debes & Sigurdsson 2002) .
Such an endeavour would require several key accomplishments currently possible, including:
• reliable models of a large sample of nearby white dwarfs, including parallaxes. The study of Bergeron et al. (2001) is a good example of such modeling that would aid a planet search
• sensitive Mid-IR photometry of white dwarfs to provide stricter limits on unresolved companions
• high resolution, high contrast near-or mid-ir imaging to resolve well separated companions
• pulsational timing/eclipse surveys/radial velocity campaigns to provide a sensitive connection between those techniques and high contrast imaging
We have found a candidate extrasolar planetary companion which has been refuted by second epoch measurements. While this is disappointing, it proves that this technique is feasible. In addition, thanks to a combination of ground and space based observing, strict limits on the presence of planets in the G29-38 system are possible. This already has a bearing on the proposed origin of the dust disk present and the accretion of metals. Whatever this process is, if a close companion is involved it must be substellar and if a well-separated companion is involved it is of planetary mass. If the scenario for the formation of DAZs follows Debes & Sigurdsson (2002) , where a formerly unstable planetary system sends volatile depleted asteroidal or cometary material into the inner system, it cannot be caused in this case by a massive planet. The presence of the dust disk and the lack of any stellar companions strengthens the argument that for G 29-38, the DAZ phenomenon cannot be caused by the accreted wind from an unresolved stellar companion.
Finally, due to the sensitivity of our Gemini observations we can lay some strong conclusions on previous claims for the presence of companions due to pulsational timing and the presence of a spatially resolved extension to G 29-38. If G29-38 is 1 Gyr old we can confidently refute the presence of a companion at ∼3.4 AU. We can limit its presence if G 29-38 is older. The possibility exists that the companion could be closer to G 29-38 than its maximum extent, however, if one looks at the timing of maximum extent from the star, we are at precisely the time when the companion would be furthest in its projected orbit. But we see no evidence for a companion beyond some structure in the AO PSF at a projected separation that does not match the predicted orbital separation (Trujillo 2004, ,personal communication) . Additionally our Gemini data was of high enough spatial resolution that we should have easily detected extended structure similar to what was reported in Haas & Leinert (1990) . We see no such structure in any of our HST or Gemini observations. Any dust disk present around G29-38 must be confined to smaller than 72 mas or 1 AU projected separation.
